Cobalt-porphyrin catalyzed reductive decomposition mechanism of CO 2 to CO is investigated based on the Koper's water facilitated CO 2 reduction mechanism (Shen et al., Nat. Commun., 6, 8177 (2015). ) using quantum chemistry calculations and a cobalt porphine (CoP) as a catalyst model. In particular, we focus for the first time on the influence of metal cation (Na + electrochemically converted to fuels and commodity chemicals. 1-3 The key step for this conversion is the activation of thermodynamically stable CO 2 . Especially, the conversion to CO is known to be the key and rate determining step to obtain useful chemicals 3-8 and effective
electrochemically converted to fuels and commodity chemicals. [1] [2] [3] The key step for this conversion is the activation of thermodynamically stable CO 2 . Especially, the conversion to CO is known to be the key and rate determining step to obtain useful chemicals [3] [4] [5] [6] [7] [8] and effective
catalysts have been pursued to reduce its large overpotential. 2,4-14 Among such catalysts, cobalt porphyrin complexes are considered to be one of the promising candidates since it selectively reduce CO 2 to CO with relatively small overpotential in aqueous solutions.
15,16
Recently, drastic improvements in terms of stability in aqueous medium, high selectivity in CO 2 reduction, and low overpotential, have been achieved by the immobilization to the graphite electrode 9, [17] [18] [19] [20] or by using as the building blocks of COF (covalent organic frameworks) 8 and MOF (metal organic frameworks).
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To achieve further improvement, understanding of catalytic effects of cobalt porphyrin complexes is quite important and, therefore, analyses using electronic structure calculations have been carried out. [21] [22] [23] [24] [25] The seminal work in this field was done by Leung et Their mechanism successfully explained the reaction at pH=7 in water. However, it is also known that CO 2 reduction takes place in aqueous medium at much smaller pH (pH = 3), 9 which cannot be explained by their mechanism. 
Then, a proton is transferred from the water molecule and a carboxyl group is created as
Finally, CO gas is released by following the similar reaction proposed by Leung et al.
21,22
that
The key step in this mechanism is Eq. 2, where the water molecule not the proton becomes the proton source to facilitate CO 2 reduction. However, by considering the pH of the pure water which corresponds to the proton concentration of 10 −7 mol/l, it is not so easy to imagine that the water molecule has an ability to provide enough protons so that a large amount of CO 2 reduction takes place. Therefore further consideration is necessary.
The goal of this letter is to propose a new reaction mechanism in order to answer the above question using quantum chemistry calculations. We constructed the reaction mechanisms based on the Koper's water facilitated CO 2 reduction mechanism, i.e., Eqs. 1 -3.
9,25
Especially, we focus on the influence of the supporting electrolyte cations upon the proton and cobalt phthalocyanine (CoPc). As shown in Table S2 and S3 in the Supporting Information, the errors in the geometries are less than 0.02 Å and that in the reduction potentials are less than 0.2 V, meaning the results well agree with experimental data.
The spin state of each system is set to be a low-spin state by following the previous reports. 21, 24 All the geometries were confirmed to be minima by carrying out frequency calculations. We checked the stability of the wave functions for all the species and confirmed that all the wave functions except for CoP -are stable. As for CoP -, we carried out energy and geometry optimization calculations using the broken symmetry wave functions. [35] [36] [37] [38] [39] The thermal corrections to the Gibbs free energy are computed at 298.15 K. All the calculations were performed with Gaussian 09.
34
The Na + solvation structure is modeled by Na + (H 2 O) 5 which corresponds to the first solvation shell of Na + in water. [40] [41] [42] [43] [44] The initial geometry of Na + (H 2 O) 5 for the optimization is constructed based on the geometry in Ref. 40 . Optimized geometry has an average Na-O distance of 2.36Å, which agrees well with the latest experimental results (2.37Å -2.384Å).
43
The optimized geometry of Na + (H 2 O) 5 is shown in Fig. 2 .
The standard one-electron redox potential relative to the reversible hydrogen electrode (RHE) is computed by
where F and ∆G • are the Faraday constant and the standard Gibbs free energy difference of the target reaction, respectively; E toSHE is the factor to convert reference system from the vacuum level to the standard hydrogen electrode (SHE Since the errors in the one-electron reduction potentials of CoPc and CoTPP using the present computational condition are −0.17 and −0.19 V, respectively, as shown in Table S3 in the Supporting Information, we employ the average value (−0.18 V) as E corr . Here, it is again worth emphasizing that the errors in the one-electron reduction potentials of CoPc and CoTPP (and hence E corr ) are small. RHE under the condition that pH = 3 using the present computational condition, which is close to the one-electron reduction potential of CoP (Table. 2).
At first, we discuss the sequential reactions. 
and
Subsequent e -transfer reaction given by
is the common reaction for the both routes.
The free energy differences of the proton donation reactions (Eqs. 5 and 6) are summarized in Table. 1. By considering the Na + solvation, ∆G
• decreases by about 0.6 eV. However, the proton donation reaction is the endergonic reaction even when the cation solvation is considered and the ∆G • = 0.58 eV is quite large. Therefore, CO 2 reduction by this route do not proceed even if the cation solvation is considered.
Next, the reaction route starting from the electron transfer is considered. Since the redox potential of the reaction:
this reaction occurs at slightly lower potential than the one-electron reduction potential of CoP (Table 2) . However, the subsequent reaction is endergonic regardless of Na + solvation as shown in Table 1 However, by considering the experimental results in Ref. 9 , which reports that the direct proton reduction is diffusion limitation at pH = 3, CO 2 reduction via this route may not be dominant. 
Next, the possibility of the concerted reaction is considered, where a water molecule and an electron react with [CoP−CO 2 ] -in a single step. The standard redox potentials of concerted reactions as well as the CoP -/CoP redox system relative to RHE (pH = 3) are summarized in Table 2 . It is noteworthy that the redox potential of the CoP -/CoP redox couple is within the range of the one-electron reduction potentials of typical cobalt porphyrin complexes (−0.19 to −0.44 V relative to RHE at pH = 3).
9,50,51
By solvating to the Na + cation, the standard redox potential shifts to the positive direction by 0.6 V, and approaches to the one-electron reduction potential of CoP. This is due to the stabilization of OH -anion by Na + . From the experimental analysis, 9 CO 2 reduction takes place at around −0.6 V vs. RHE when pH=3, which well agrees with the present result (−0.74 V). This agreement suggests that, at pH ≥ 3, the proton supply from H 2 O takes place through the concerted reaction:
when enough amount of cations exists in the vicinity of the electrode. It is noteworthy that this stabilization effect is independent of the kinds of the catalysts. Therefore, this finding is important for designing not only the cobalt-porphyrin complexes but also other catalysts, such as MOFs and metal alloys.
Recently, the importance of cations on the CO 2 reduction has been reported by Liu et al. 6 However the reported cation effect is different from ours. They assumed the reaction pathways as
where M = Au surface; and found that adsorbed K + reduces drastically the relative free energies of "M−COOH+H + +e -" and "M−CO+H 2 O" to "CO 2 +M+2(H + +e -)". Namely, their cation effect is the stabilization of M−COOH and M−CO not the stabilization of OH -in the first solvation shell. We believe both cation effects are important for electrochemical CO 2 reduction. Table 2 : Standard equilibrium potential of concerted reactions, relative to RHE (pH = 3).
In summary, we investigated the cation impact on the Koper's water facilitated CO 2 reduction mechanism 9,25 based on thermodynamics using the quantum chemistry calculations.
From the comparison of three different pathways, we concluded that the water facilitated CO 2 reduction takes place through the concerted pathways with the aid of the cation solvation. The importance of our findings from the point of view of materials design is that the equilibrium potential of Eq. 8 can be controlled by changing not only the cation but also the catalyst, meaning it becomes useful guide to find new salts as well as catalysts. So far, the binding energies of H and COOH to the catalyst are used as the guide to design new catalysts. 13, 14 However, it is difficult to find such catalysts since usually the binding of H + to the negatively charged catalyst is much stronger than that of CO 2 as shown in Ref.
13. With our new guide, i.e., the redox potential of Eq. 8, we can expect to find broader candidates due to much milder criteria.
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